The defect introduction rate at 295K by 1-MeV electrons in the p-side of n+-p silicon junctions under various applied voltages was measured using both DLTS and C-V techniques.
I. INTRODUCTION
It is sometimes observed that the introduction rate of electrically-active defects in semiconductors is not consistent from experiment to experiment. The purpose of this paper is to indicate that defect introduction rates by high energy irradiation are strongly affected by a number of factors which may be overlooked: carrier concentration, Fermi-level, recombination, impurities, location in and near depletion regions, electrical bias, optical excitation, aging, efc. A further purpose is to indicate that new experimental and theoretical tools help one to investigate such effects.
It is common to presume that defects are introduced uniformly wherever the flux of high energy (HE) electrons is uniform, and in concentrations proportional to the HE electron fluence [1, 2] . The high energy electrons initially produce Primary Knock-On displaced atoms, especially silicon, and the resulting lattice vacancies. These are thought to be mobile and appear to be responsible for much of the final production of long-lived immobile defects [2-41. The mobile silicon interstitial appears to displace some impurity lattice atoms which then become interstitials themselves. It may be presumed that defects are initially produced by the same process in these experiments.
However, measured introduction rates can be highly nonuniform, and are strongly dependent on the mobile hole and electron concentrations during and after the irradiation. The gradient of defect concentration appears to relate to the gradients of hole and electron concentrations during irradiation, during exposure to light, or during application of either forward or negative bias. Qualitatively, defect concentration gradients compare favorably with the theory of defect random walk activated by recombination or carrier capture [5-71.
Others have found a dependence on bias during irradiation. Cumberbatch and Northrop [8] found a complicated pattern of response in boron-doped float zone (FZ) and Czochralski (CZ) silicon irradiated under bias. Wu et al. [9] found reduced defect introduction rates in the depletion region of biasirradiated FZ n-type silicon.
The many previous works on recombination-enhanced reactions seem to have concentrated on the identification of the defect structure and its conformations [lo, 113 . Recombinations can activate a defect into motion. This work indicates that the resulting long range mobility of the defect is one more key to solving the radiation-induced introduction rate puzzle.
These results have important implications for hardness assurance and testing procedures. A p-n junction in a circuit will accumulate different concentrations of defects if irradiated in reverse bias than a similar junction in forward bias. Those junctions of a circuit which are effectively in open circuit during irradiation tests will experience the greatest electron and hole concentrations during the irradiation and will therefore develop different defect concentrations. Open circuited junctions occur when the junction is connected to a high dc impedance (reverse-biased diodes, capacitors, FET gates, efc.) such that the electron-hole pairs generated during the irradiation recombine in the junction and do not escape to the external circuit. The effects of bias and circuit impedance are large (factors of 2 to 10 in the introduction rate) and therefore require consideration when designing a test plan for a circuit. The annealing of defects can be strongly enhanced by injection of electron-hole pairs. Solar cells in space have been shown to recover better by application of forward bias than by thermal annealing [ 121. 
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EXPERIMENTAL METHOD
A. Experimental Technique
1-MeV electrons were used to introduce defects in n+p abrupt junction silicon solar cells with nominal p-dopant concentrations of 1 . 5~1 0 '~ boron/cm3. Deep Level Transient Spectroscopy, DLTS, and Capacitance-Voltage, C-V, techniques were used to profile the concentration of defects around the depletion region. The C-V concentration profiling technique is new [6] . Defect concentrations were measured shortly after irradiation and then over periods of weeks to years later. Samples were irradiated while under either open circuit, short circuit or reverse bias. They were subsequently stored in various bias configurations, in light or in darkness. Repeated DLTS and C-V measurements were made after various conditions of irradiation and sample treatment. The intent was to determine if the measured defect introduction rate depends strongly on factors other than dose.
Each irradiation was for a fluence of either 3 . 2~1 0 '~ or 5 . 0~1 0 '~ electrons cm-' at 1 MeV at room temperature while a constant bias was applied to the diode. The applied biases were: short circuit 0 volts (SC), open circuit (OC), -4.7 volts (B), and -9.3 volts. Each sample was exposed to a particular sequence of irradiations. Most DLTS and C-V measurements after irradiation were performed in reverse bias in order to minimize rapid recombination-induced defect migration. Positive bias provides another set of interesting results but that line of inquiry has not been pursued. Prior to irradiation, DLTS measured no defects but the C-V method measured a small gradient in defect (and, perhaps, dopant) concentration.
B. DLTS Method.
Figure 1 is an example of typical DLTS scans. The height of each peak is indicative of the concentration of the defect that caused the peak. The analysis of such data is based on the works of Williams, Lang, and others [13, 14] , and has become routine. The three peaks have been previously identified and reproduced by many, but the exact nature of the third peak is still uncertain [15] . The peaks represent the interstitial carbon, Ci [16] , the divacancy, V-V [17] , and the carbon-oxygen, C/O, defects respectively. The C/O peak is known to be at least two species composed of oxygen and carbon [l5].
Another peak, C,-C,, interstitialcarbon:substitutional-carbon, is known to appear in FZ silicon at a lower temperature than these DLTS traces obtain. This peak is not expected to occur in CZ samples and has been ignored. Most of the data was obtained using the SULA Company DLTS Instrument. The DLTS results are summarized in tabular form in order to save space.
Each DLTS trace requires approximately 30 minutes to complete. This fact strongly affects the kind of controlled experiments that can be made. Elsewhere in this paper it is shown that strong instabilities sometimes occur in the junctions of heavily-irradiated samples so that they may be changing during any given 30 minute period. Strong instabilities were not observed in lightly-irradiated ( < 3 . 2~1 0 '~ /cm2 ) samples so the influence of this effect is thought to be negligible in the data. Additionally, the DLTS measurement itself can change the concentrations. Therefore DLTS measurements were frequently repeated to see if any change occurred during the prior DLTS measurement.
It is emphasized that DLTS measures trap concentrations just inside the depletion edge that is created by the DLTS voltage. This is because, during the DLTS measurement, the FILL pulse fills traps only inside the depletion region, and near the depletion edge. If the sample were stored, treated, and irradiated while biased with the DLTS voltage, then the DLTS measurement would only measure things which happened inside the depletion region. On the other hand, if the sample were stored, treated, or irradiated with only zero bias, then the DLTS would measure trap concentrations that were generated by processes outside the depletion region. This knowledge is required in order to interpret some of the DLTS results.
Absolute concentrations measured by DLTS are subject to controversy which this paper does not address. The data were analyzed using the method of Lang [ 141 and corrected for the fact that traps are poled in only a portion of the depletion region. The correction consisted of multiplying the Lang result by the factor CF/(CF-CD). For these samples and biases, the factor was in the range 2.2 to 3.3. The smaller correction necessitated by high defect concentrations has not been included. This work proves that the concentrations have steep gradients. DLTS analysis has not been developed to handle steep gradients. In order to avoid the uncertainties inherent in DLTS measurements, the conclusions are based on the relative data, not on absolute values of DLTS data.
C. New C-V Method.
The C-V technique is new but an adequate description is available [6] . It was developed to measure the concentration of mid-gap hole traps in p-type material adjacent to an abrupt p-n junction. However, it detects any charged centers in the depletion zone. It is based on the same concepts that are used to derive the DLTS method, but it is a direct DC method that lumps all defects together. It has the advantage of determining the total hole trap concentration as a function of position near the depletion zone.
The new C-V technique applies Eqs. 1-3 to a measurement of capacitance vs. voltage at constant temperature. The terms have the usual meanings as described in the Glossary. N(X=0.9Xp) is the hole trap concentration just inside the depletion edge at depth 0.9Xp from the junction. X, is a function of applied bias, V,, as well as an implicit function of trap occupancy. The effect of trap occupancy is included in the equations. For applied bias, V,, the hole trap density is determined at X = .9X,(VJ, in the p material by measuring the derivative of 1/C2 with respect to V,. The new C-V method has been compared with the DLTS method [6, 7] . If DLTS detected all traps, then the sum of the DLTSdetected traps should equal the trap concentration measured by the new C-V method. This is found to occur in irradiated CZ samples that have been annealed for long times after irradiation using optical and thermal annealing [6] . In unannealed samples the new C-V method usually finds more traps than does the DLTS method. This is because the C-V method usually allows much more time for the traps to fill or empty and therefore detects more traps, both the very slow traps and the very fast traps.
RESULTS
There are four new kinds of results. 1. All data indicate that, indeed, the introduction of most defects is strongly affected by the electron-hole recombination or carrier concentration during and after the irradiation. 2. C-V data indicate that DLTS finds only a fraction of the defects, and that the other defects are also strongly affected by recombination or camer concentration. 3. Some unidentified defects detected by C-V appear to be unstable so that the electrical properties of irradiated junctions may vary unpredictably. 4. All measurements indicated that, for most defects, the introduction rate in the depletion region is very different from that in the bulk region.
It was necessary to test many more samples than listed here. The results accrue from more than 25 irradiations on over ten samples followed by roughly 200 DLTS scans and roughly 100 C-V scans interspersed by a variety of storage and handling conditions, including a few isochronal thermal anneals. Data were chosen for presentation that are either important to the radiation effects test engineer or indicative of how the physics of recombination-induced defect motion affects the apparent introduction rate of defects. All of the reported measurements were either repeated on more than one sample, or corroborated by noting that other samples responded similarly even though they were not undergoing the same type of detailed measurement.
A. DLTS Results
One DLTS experiment proceeded as follows. Sample ASE-23 was irradiated for five minutes to a fluence of 5 . 0~1 0 '~ 1-MeV electrons/cm2 whileunder -9.3V bias at 295K in the dark. It was then transferred under darkness and -9.3V bias to the DLTS apparatus. The transfer at 295K took 20 minutes followed by 8 minutes cooling to 88K. The series of DLTS measurements and sample treatments then took place as described in Table I . Defect concentrations in Table I With DLTS and FILL pulse voltages of -9.3 and -3.5 respectivly, traps in a region near 1.5 microns from the metallurgical junction are investigated. With DLTS and FILL voltages of -3.5 and -0.5, traps in a region around 1 micron are investigated. The entries in Table I are The temperature at which a peak was observed, combined with the DLTS instrument settings, identifies the peak, but has no other significance. Each curve is identified by the approximate time that the sample experienced 295K annealing after the irradiation. These data also appear in Table I at times: 28m, 3h 40m, 6hr 35m, and 7hr 42m.
Interpretation of the sequence of DLTS measurements at -9.3V provides the following conclusions: 1) The data at 28m show that, for a short irradiation under reverse bias in CZ material, Ci is the most populous by far. Previously, usually for heavier irradiations, C/O was known to be most populous [15-181. 2) During the first ten hours the sample was at -9.3 volts continuously. It was at or below 200K for 6.5 hours and at 295K for 3.5 hours of the ten-hour period. Negligible annealing or migration of Ci in the dedetion region occurred below 200K with -9.3V reverse bias during the 6.5 hours. Much annealing occurred in the depletion region during the 3.5 hours at 295K when most Ci converted to C/O. Thus, Ci slowly anneals in the depletion region at 295K.
3) The three defects are stable in the depletion region at storage temperatures well below 29523. Thus, the 295K anneals shown in Fig. 1 are not affected by the storage times at 200K and -9.3V bias that were interjected between the four DLTS curves.
4) There were five storage, or treatment, periods at 200K (dry ice) and OV. After treatment at OV bias, one measures what happened outside the depletion region and during the treatment by using either the -3SV or the -9.3V DLTS. For treatment at -3 3 7 , only the -9.3V DLTS measurement provides information on what happened outside the depletion region. The five treatment periods show that below 200K outside the depletion region there is annealing or migration of Ci to become C/O. Ci decays to C/O with a half life of approximately one day at 200K outside the depletion region. Thus, below about 250K outside the depletion region recombination enhanced annealing of Ci probably dominates over thermal annealing.
5 ) The divacancy, V-V, is not affected by any of this treatment. It seems stable at 295K with normal levels of camer concentration. 6) In the depletion region under reverse bias, the concentration of electrons near the p-edge is less than in the bulk p-region according to Pisces-2B simulation [ 191. Obviously, the hole concentration is also much less than in the p-bulk. Therefore, conclusions 2 and 4, taken together, show that electron and hole concentration is the major cause of annealing or migration of Ci below about 250K everywhere in the device. Reference [5] discusses recombination-induced annealing or migration. Therefore, radiation that introduces extra electrons such as sunlight or high energy radiation can cause Ci to disappear. Devices that are biased to sweep out the electrons and holes from the material will experience less decay of Ci than will devices otherwise biased. 7) CZ material typically has 100 times the oxygen that FZ material has, yet has similar electrical properties in the absence of radiation. Oxygen is not usually electrically active, but Ci is. Therefore, because electron-hole recombination activates the annealing of Ci below 250K, annealing of Ci into C/O is due to motion of Ci and not to motion of 0. 8) Within experimental uncertainty, the data before 27hr indicate that for every Ci lost, one C/O is gained. Between 27hr and 50hr C/O grew more than Ci decayed. This enhanced growth of C/O has been noted previously [16, 18] , but is not understood. Thus, annealing or aging may grow-in extra traps by unknown processes.
By using a lower DLTS voltage, one investigates trap concentrations closer to the metallurgical junction. After the first ten hours in the previous DLTS tests (above), those measurements were interspersed with DLTS measurements at -3.5 volts in order to investigate phenomena in the region around 1.0 micron from the metallurgical junction. The conclusions at -3.5V DLTS are: 9) Greater concentrations of carbon-related defects are introduced closer to the junction as reported previously [7] . 10) The annealing 01 Ci into C/O proceeds more slowly closer to the junction. This is qualitatively consistent with the fact that fewer holes are available closer to the junction and thus recombinations occur less frequently closer to the junction. A quantitative plot of inverse recombination rate at the defects as a function of position in the depletion region is available [6] . The enhanced growth (see Conclusion 8) of C/O observed at 1.5 microns (-9.3 DLTS volts) was not observed at 1.0 micron (-3.5 DLTS volts). This result is not understood and was not repeated in other samples. 25.7 39.4 SB39-7X With the small fluence, interstitial carbon was created but very little was driven to combine with oxygen. With the larger fluence, more than half of the carbon has combined with oxygen. At 295K very little interstitial carbon combines with oxygen by thermal processes during these brief irradiations of several minutes. One can argue that this result also demonstrates that the initial portion of an irradiation creates interstitial carbon and that continued irradiation creates C/O by producing electron-hole recombinations that drive the interstitial carbon to the oxygen. Conclusion 7 above shows that it is the carbon, not the oxygen, that is moving. Data from the other samples reiterate the same conclusions.
B. C-V Results
Figure 2 compares data from the new C-V technique with DLTS measurements on the same sample. In this case, the CZ sample was exposed to three irradiations at 295K. Each irradiation was to a fluence of 3.2 x 10" 1-MeV electrons per cm2. The sample was biased at -4.7 volts during the first two irradiations which creates a junction with unstable defects that cause capacitance measurements to be noisy (see more below). The third irradiation was under open circuit and partially annealed the unstable defects so that measurements could proceed. The new C-V technique includes all traps which have emission time constants shorter than about 20 seconds and, thus, finds many more traps than does the DLTS technique which was limited to traps with emission time constants shorter than 0.5 second.
Both the new C-V and the DLTS measurements find a steep gradient in the concentration of traps. A theory of recombination-induced defect migration [6] allows one to predict that a steep gradient in the concentration of mobile defects, Ci, would build up over long time periods. The occurrence of such a steep gradient in both Ci and C/O immediately after irradiation was a surprise. This finding strongly suggests that the process of creating defects is not usually a simple process whereby the penetrating high energy particle displaces an atom to quickly create the stable measured defect concentrations. Instead, it appears that the defects experience much movement or modification during the irradiation. A possible explanation for the steep gradient occurring so shortly after irradiation is that the initial generation of defects is much more prolific than supposed. Immediately after the initial generation of a defect, it is exposed to a large excess concentration of electron-hole pairs. These pairs can recombine at the defect giving much of their energy to the defect and thereby anneal the defect immediately after it has been produced. Reverse bias on the junction creates a large depletion region. Most electrons and holes that are radiationgenerated in the depletion region are rapidly swept out and do not recombine at the defects in the depletion region. Thus, the large number of initial defects created by the passage of the high energy particles is more fully conserved in the depletion region. Defects created outside the depletion region are much more likely to be annihilated by the frequent electron-hole recombinations which occur there during irradiation. For example, for the two reverse-biased irradiations in Fig. 2 Irradiation in open circuit requires that nearly all the electron-hole pairs recombine somewhere in the p-n device. This would leave the minimum number of defects after the irradiation because the recombinations would anneal many of them. Short circuit irradiations would allow many of the electron hole pairs to leave the device to recombine at the contacts or in the wires. Thus, short circuit irradiation would leave behind more defects than does open circuit, but fewer than does reverse bias. Reverse bias also helps slightly to sweep electrons and holes from the bulk material. These qualitative arguments explain much, but not all, of the results observed in the experiments.
Sample SB39-7x provides more interesting data. It had been irradiated four times in one day [7] . Defect measurements made by C-V between each irradiation are shown in Fig. 3 . The final irradiation under reverse bias made this sample so unstable that C-V and DLTS measurements were precluded for three days. It received a total fluence of 1.3 x 10l6 1-MeV electrons/cm2 which would have provided stable measurements with open circuit irradiations. After a year of storage at 295K in the dark it had partially "annealed" so that selective measurements could be made with care. The C-V measurement could be made only for reverse bias below 3 volts at 95K. When either this voltage or temperature was exceeded, capacitance readings fluctuated so that meaningful defect measurements could not be made.
The DLTS measurements were also troubled by the instabilities. However, DLTS data for a DLTS bias of -1.5V with a FILL pulse of -0.W were satisfactory after three days of storage. Four days after the final irradiation in June 1993, DLTS measured no interstitial carbon, lOO~lO'~/cm~ of C / O , and 1 0~1 0 '~/ c m~ of V-V. This was at a depth of approximately 0.8 micron. Thus, the new C-V method measured approximately four times the concentration of defects that DLTS measured in these devices irradiated in reverse bias. Figure 3 shows that the number of defects introduced by the first biased irradiation is similar to that introduced by the second biased irradiation as measured a year later. Although the defects produced more stable capacitance measurements after a year of storage, the concentration of defects seems to have remained high. Similarly, the DLTS results indicate that the total number of DLTS traps usually does not change after a year of storage in these samples. The top curve was measured one year after the final biased irradiation. Storage was in dark at 295K. The pre-rad curve is above or below the zero concentration line due either to preexisting traps or nonuniform doping. Radiation-induced trap concentration is determined by subtracting the pre-rad data from the post-rad data. Fluctuations are caused by digitizing of C-V measurements which strongly affects Eq. 3.
Thus, both DLTS and C-V find that the concentration of traps remains high after a year. Although DLTS traps degrade junctions, they should not produce unstable junctions. It is probably some of the unknown extra traps (that the new C-V method detects) that seem to be unstable. Since the amount of instability strongly decreased during the year of storage, one may presume that the unknown traps are also slowly changing in character.
C. Junction Instabilities
The fact that defects are changing for long times after irradiation leads one to expect that p-n junctions will be unstable for long times. Defects act as recombination centers or equivalently as carrier generation centers. In the depletion region, the carrier generation process frequently dominates and can be monitored simply as reverse bias leakage current. Additionally, as defects grow-in, evolve into other defects, or disappear, the concentration of trapped charge in the depletion region changes and the capacitance of the junction thereby changes. A number of instabilities were observed to be generated by irradiation under reverse bias.
Lightly-Irradiated Sample Sample ASE-24 was irradiated to a fluence of 5~1 0 '~ 1-MeV electrons/cm2 at 295K for 5 minutes. Reverse bias of -9.3V was maintained during the irradiation and for hours afterward. Junction current measurements at -9.3V commenced 21 minutes after irradiation ceased. Figure 4 shows the instability observed in the lightly irradiated sample.
Twenty one minutes after the irradiation the reverse leakage current at 295K drops by half in approximately 3 minutes. Extrapolating back by 21 minutes would estimate the reverse leakage current at the end of irradiation to have been (16.7 microamperes) x 27 = 2.14 mA. If this estimation is meaningful it indicates that the generation current, and, therefore, the concentration of defects dropped by a factor of 128 in only 21 minutes. It appears that a great deal of defect change occurs within minutes of the irradiation. Experimenters should routinely check for this phenomenon by measuring the leakage current immediately after the cessation of an irradiation. At 200 seconds into the leakage current measurement, the The vacuum pump was turned on as shown in Fig. 4 . pressure dropped to only a few percent of atmospheric in less than 5 seconds. The leakage current dropped dramatically as well. This has been observed several times, but quantitative data were rarely taken. It is a true sample response, not an instrument noise problem. If the leakage current responds to small (1 atmosphere) pressure changes, then the charge state of defects in the depletion region should also be seen to change. Figure 5 shows that this does happen. The capacitance of the junction was measured simultaneously, This effect also has been noted on other samples. The result remains unexplained but is important for device testing. A junction irradiated in reverse bias is highly disturbed relative to a junction irradiated in open circuit or short circuit. The effective defect introduction rate is exceedingly large in the reverse biased junction during the irradiation and for minutes to hours after the irradiation. One cannot use the normal bulk material introduction rate data to predict the operation of a reverse biased junction. Additionally, tests at high dose rates will generate highly disturbed reverse-biased junctions that may be the weak link in an integrated circuit test. But tests at low dose rates over long times, such as in space, may allow the same reverse-biased junction to self heal or stabilize during the irradiation and, thus, pass the test.
SECONDS INTO MEASUREMENT
Heavily-Irradiated Sample The junction instabilities in samples heavily irradiated under reverse bias are dramatically enhanced. DLTS data are unstable and hard to interpret because consecutive DLTS scans are sometimes different. The junction capacitance wanders +/-20% for days. Application of bias after irradiation causes future measures of leakage and capacitance to be different than they would be if the bias had not been applied. Figures. 6,7 are examples of the instabilities and further examples are given in Ref. [7] .
The reverse bias irradiations of sample SB39-7x provide a strong example of long lived instabilities. It was irradiated by four exposures as previously discussed The DLTS data for this and other samples are in Ref. [7] . Figures 6 and 7 show that the C-V and leakage data remain unstable even after 342 days of storage at 295K in open circuit in the dark. The DLTS measurements were repeated and were unchanged after the year of storage. Neither the divacancy, the interstitial carbon, nor the C/O defect are responsible for the instability because they provided very stable DLTS readings when the junction provided moderately unstable leakage current. DLTS defects seemed to achieve stability much earlier. It is the unidentified defects which are measured by the C-V technique that are probably responsible for the instability. Note that data after the fourth irradiation could not be taken immediately because the instability was too severe. The instability precluded one from performing any stable C-V measurements for three days. After 342 days a reasonable C-V scan could be taken provided that it was done at low temperature and at voltages below 3 volts. The instabilities are apparently less severe after 342 days of room temperature storage.
If each biased irradiation experienced the same introduction rate, Fig. 3 indicates that the concentration of unknown defects is apparently undiminished during the storage. Because the amount of instability diminished, one may infer that the nature of the unstable defects changed to become more stable.Irradiation in open circuit also helps to remove unstable defects. Fig. 2 shows data from a similar sample, SB39-1X, which also received two biased irradiations, each of 3.2~10" electrons per cm2. The open circuit irradiation that occurred immediately after the two biased irradiations eliminated much of the instabilities in this sample. Thus, samples irradiated in open circuit are simultaneously being annealed so that fewer unstable defects remain after the irradiation. It appears that this effect is due to electron-hole recombination at these unidentified defects. This process is analogous to the recombination annealing of Ci into C/O. Figure 2 also shows an important finding. Furthest away from the depletion region the concentration of defects measured by C-V comes into closer agreement with the DLTS measurement. It had been previously determined that in heavily-irradiated and heavily-annealed devices, well outside the depletion region, the two measurements are in approximate agreement [6] . It appears also that the unstable defects are less likely to be produced outside the depletion region and perhaps are susceptible to both thermal and recombination annealing.
1V. DISCUSSION
see if it might be a possible explanation of the enhanced introduction of interstitial carbon in samples irradiated under reverse bias. A good model would require us to know exactly how the interstitial carbon moves by random walk, somethmg that we do not know. Thus, we construct a heuristic model to make approximations. We consider simple motion in a cubic lattice. We ignore the distortion caused by the vacancy from which the carbon was removed. Assume also that only one kind of step is allowed with a length of the lattice spacing. Quantitative analysis can be performed that helps one to understand what may be happening in the samples and to plan follow-on experiments. Additionally, the wide variety of results need to be put into a perspective that allows the radiation effects test engineer to apply these findings to his work.
vacancy. 
A. Attempt to Monitor Recapture of Interstitial
First, assume that the interstitial carbon will return to its original site, now a vacancy, if it walks to within 1/2 lattice space of the vacancy. Consider interstitial carbon at a
Carbon by Original Vacancy Site
One wishes to measure the initial creation of Frenkel pairs such as interstitial carbon and its lattice vacancy. Furthermore, one wishes to measure the recombination rate of these pairs. This appears to be difficult because the vacancy seems to be mobile [3, 4] . It is made more difficult by the radiationinduced migration of the interstitial carbon. Ignoring the mobility of the vacancy, we consider the motion of the interstitial carbon alone. This exercise will help us to understand the process of radiation-induced defect introduction rate. We had hoped, but failed, to monitor the geminate recombination of Ci with its vacancy using the model in [5] .
Irradiation under reverse bias introduces an enhanced concentration of hole trapping defects. During the irradiation of reverse-biased samples there are relatively few electron-hole recombinations at the defects in the depletion region near a depth of one micron and, thus, less recombination-induced migration of each defect. In zero-biased samples, one micron is outside the depletion region where more frequent recombinations cause the interstitial carbon defects to migrate more rapidly and return to the original site of generation. Could this process be the cause of enhanced introduction under reverse bias?
We can make a crude quantitative model of this effect and minimum stable distance from its original site, shown as X in Fig. 8 . After one step, it is easily determined that 1/6 of these defects have returned to the initial site. The remaining 5/6 interstitial carbon may then take one more step causing 1/15 of the remaining interstitial carbon to return to the original site. This process was continued in computer simulation to find that the decay of interstitial carbon occurs as in Fig. 9 . Once the interstitial carbon has walked four or more lattice steps away from its original site (vacancy) it is unlikely to ever return. Instead it will wander through the lattice to interact with other centers. The fraction of carbon returning to its original site would be too small to distinguish experimentally from other decays. Therefore, it is instructive to determine how many steps the interstitial carbons have taken during the high energy irradiations. Recent data provide a method for estimating the number of steps that were taken by the interstitial carbons in p-silicon [5, 19] . From [5] , with a unit conduction band electron concentration in p-material (np = 1 per cm3) the rate of electron-hole recombination, Rc, through Ci is approximately 1.1 x per second. Also from [5] the number of steps by Ci per recombination at Ci is 1/16. Therefore, for conditions where thermal diffusion is small, the step rate, S, for C, is approximated by Eq. 4.
(4)
n,Rc -S = --6.8x10-'np .
Thus, the interstitial carbon steps at a rate of 5.7 steps per minute in the p-side material at or below room temperature in the dark where n, = 1.4 x 16. By applying reverse bias, one may lower the electron concentration by one to three orders of magnitude in a portion of the depletion zone [19] . The hole concentration is lowered even more, of course. In the portions of the depletion region near X, where electron concentration is the rate limiting term, reverse bias would thereby decrease the step rate from 5,7/minute to as low as .005/minute. In the dark under reverse bias, one has time to perform various measurements before the interstitial carbon moves very far.
During irradiation, the concentration of electron-hole pairs is increased many orders of magnitude. The 1-MeV electron irradiations were at a flux of roughly 10L2/cm2-s). From the Pisces-2B simulation code or from Eq. 17 of [19] , one determines that the electron concentration exceeded 107/cm3 through much of the reverse-biased depletion region during such irradiation. Therefore, during the irradiation, the interstitial carbons were stepping at a rate of at least (5.7/1.4)xl@ = 4001minute. Since the shortest irradiations lasted several minutes, one concludes that the vast majority of interstitial carbons have either returned to their initial vacancy or walked far from it during the irradiation. Thus we cannot monitor the geminate recombination of Ci with its original vacancy.
If the information in the literature is correct [1] [2] [3] [4] , then the wandering vacancies could also have rapidly eliminated much interstitial carbon. One needs to include this effect. The strong effect of bias can not be unambiguously explained. But, by the same reasoning, we conclude that one cannot assume that defects are generated rapidly in their final form during the irradiation. Even at low temperature, continued irradiation or charge injection will strongly modify the preexisting defects.
One should not take this exercise too seriously.
B. Silicon Comparison of Float Zone and Czochralski
The responses of FZ silicon are different from CZ silicon in very predictable ways. The initial introduction of Ci early in an irradiation appears to be the same in the two materials. The magnitude of the enhanced introduction in the depletion region due to reverse bias is also the same, roughly a factor of 4 or 5 [7] . The gradient in concentration created under reverse-biased irradiation is similar. Also, the enhanced detection of defects by the C-V method occurs to nearly the same extent in both materials. In both FZ and CZ, there is no decay in the total defect concentration after one year storage at 295K in the dark in open circuit as measured by the C-V method.
However, in FZ the interstitial carbon takes much longer to bind to oxygen since it must wander longer before intersecting an oxygen atom. Much of the wandering Ci apparently becomes complexed with substitutional carbon in FZ as reported in the literature, but this also takes a similar long time. Depending on FZ sample, Ci decays with time constants of months to years at dry ice (COJ temperature, and weeks to months at room temperature in the dark. The decay rate depends on oxygen and carbon concentration, temperature above 250K, and doping density. Some measurements spanned eight years.
C. Fast Defects, Slow Defects, Diserent Defects
The fact that the concentration of Ci annealed out, and an equal concentration of C/O grew in, could be quite significant in some device. Ci provides a hole trap approximately 0.27 eV above the valence band. C/O provides a hole trap about 0.35 eV above the valence band [15] . In a particular device the electron Fermi level could be above both defect levels, below both, or in between. When the Fermi level lies in between, the effects of the respective traps could be quite different. Thus, such a device might appear to be annealing (improving) as the defects change to C/O, or, on the other hand, could appear to respond to the radiation and degrade only after the annealing to C/O has taken place. Which way it responds depends upon the Fermi level and the mode by which the device works. Similar arguments apply to the unidentified defects.
The DLTS peak representing C/O is not just one defect.
Ferenczi et al. [15] showed that the charge capture rates for two of the species within C/O are quite different. This means that of the two species, one is a more active recombination center. Thus, the effective introduction rate of recombination centers depends upon the bias of the device, its temperature, and aging time because these three factors may affect the development of the two subspecies [18] .
D. Other Samples and Future Work
The results are for a particular type of sample. However, the phenomena appear to be partially based on recombination of electron-hole pairs which occurs in all semiconductors. That many other defects in both n-and p-type materials, silicon and others, are susceptible to change by recombination events is well documented [ 10,111. Recombination-induced defect reactions appear to be responsible for strong variations of the defect introduction rate in a particular junction. Recombination-enhanced mobility appears to play an important role in these reactions. The physics of the process seems to be general, not material specific. Therefore, we expect to see the phenomenon in other structures.
The effect of reverse bias is very dramatic and probably is of great importance to those who test devices for their radiation vulnerability or fly devices in space. The sensitivity of such devices is voltage dependent. Now we have a better understanding of the physics that is applicable. Perhaps now device test protocols can be better designed.
There are two keys that helped to unlock the mystery of what is happening in irradiated biased samples and guide the design of these experiments. The first key is knowledge of the rate of recombinations through Ci, a specific defect. This is new information [5, 6] . The numbers are partly theoretical and would benefit from further verification. The perspective that this concept provides (Eq. 4) is quite powerful. The second kev to the puzzle is the new C-V method [6, 7, 20] . It measures the net result of all charge traps. If this method is improved by further work, then future defect introduction rate studies will benefit.
It is important to remember that these results stress the importance of the depletion region. The effects are also interesting in the bulk material but are less severe there. Modem devices are becoming increasingly sophisticated and complex, and often dispense with thick bulk regions. Quantum well structures, HEMT devices, LEDs, laser diodes, varactor diodes and other devices depend heavily upon the action in regions that are akin to the p-n depletion zones in these samples. Irradiations of devices while in the on-state may, therefore, provide very different results than irradiations while in the off state. Devices whose operation depends upon modulation of a depletion zone will be strongly dependent on the phenomena investigated here. Solar cells were chosen only because they are convenient study devices. Silicon solar cells are thick devices that respond to the total number of defects throughout the bulk. Defects in the depletion region do not readily degrade such devices. Sunlight on the solar cells would anneal most of the enhanced defects. Application of the results in this paper to each device type will be somewhat unique.
Only an outline of a theory has been presented to explain the data. Recombination-induced diffusion or migration seems to be partly responsible for the results according to the simple modeling presented here. We have not yet applied a full quantitative theory to the evolution of the various defects. To do so, one would have to explain how both Ci and C/O accumulate with similar steep gradients in the depletion region, while one acts as the complement of the other because decay of Ci directly creates C/O. Additionally, the divacancy does not form a gradient, nor does it appear to be highly sensitive to the bias condition. Watkins has indicated that most defect evolution can be reduced to a series of moves by vacancies and interstitials [3] . If that is true, then the seeds for the theory as presented here might bear much fruit. However, recombination-induced random walk does not yet appear to explain all of the results.
V. CONCLUSIONS
The total concentration of radiation-induced electrically active defects was measured using a new C-V method in ptype silicon. Three specific defects (V-V, Ci, and C/O) were measured using DLTS. Only the divacancy, V-V, was introduced uniformly and in simple proportion to the radiation fluence. The introduction rate of all other defects depended strongly on position near the depletion region, and on electrical (and optical) conditions of the diode during and up to a year after the irradiation.
Some radiation-induced defects are not rapidly produced by the simple process of displacement of a lattice atom followed by rapid quenching of the excited region into the final defect. Instead, the defects accumulate over extended time after the initial generation of lattice displacements. It appears that many initial defects are electrically active, and both the electrical state of the nearby material and continued irradiation affect the evolution of initial defects into the relatively final and quasistable defects that are usually studied.
The effective defect introduction rate inside depletion regions is dramatically different from that outside the region. The introduction rate inside was roughly five times higher than that measured outside the depletion region for the defects Ci and C/O as measured by DLTS [7] . The introduction rate of some electrically active but unidentified defects was similarly enhanced in the depletion region. The divacancy, however, showed little or no enhancement in the depletion region.
The C-V method finds a total introduction rate much higher than does DLTS. One should expand the range of emission rates poled by DLTS and try to find the unidentified defects. Figure 7 shows that some of the unidentified defects have very low emission rates at room temperature.
In agreement with previous studies, thermal annealing (not detailed in the text) in CZ Si found that the defects measured by DLTS are changed in character, but not in total concentration, for anneals up to 70 C. All Ci finally becomes C/O. The unidentified defects detected by C-V have not been systematically studied, but there is weak evidence that annealing also changes their character and decreases their concentrations.
Open circuit irradiations produced the fewest defects in these samples. Short circuit irradiation enhances the total defect introduction rate by a factor of two. Reverse bias enhances the introduction rate by a factor of five.
There is a steep gradient of introduction rate near the depletion edge. The gradient extends over a distance of two or more microns. Recombination-enhanced diffusion theory appears to be able to explain some of the interesting enhancement of introduction rate. Recombination-enhanced diffusion appears to affect strongly the evolution of defects during the irradiation.
Junctions heavily irradiated in reverse bias are very unstable for up to a year after irradiation when stored in the dark at 295K. The instability appears to be due to the unidentified traps that are detected by the C-V method. The DLTSdetected traps seem to produce stable effects in the junction. The instabilities are readily apparent in measurements of junction capacitance and reverse bias leakage current. Open circuit irradiation will partially anneal a preexisting instability. We are not aware of a model for the introduction of unstable defects, but they were seen in all samples that were heavily irradiated under reverse bias. More work needs to be done on the introduction of unstable defects because it strongly impacts the fidelity of radiation testing of devices under bias.
Interstitial carbon is a simple defect that appears to walk a long distance during irradiation. The analysis of recombination-induced walk should be applied to other simple defects.
Unlike the other defects, the divacancy appears unaffected by 'bias conditions. Note added in proo$ An interesting effect on capacitance transients has been observed in irradiated varactor diodes [21] .
It may relate to some of the phenomena reported here but it was observed in n-type material.
VI. GLOSSARY
Terms in Eqs., MKS units. 
